Abstract Forebrain serotonin relevant for many psychological disorders arises in the hindbrain, primarily within the dorsal and median raphe nuclei (DR and MR). These nuclei are heterogeneous, containing several distinct groups of serotonin neurons. Here, new insight into the afferent and efferent connectivity of these areas is reviewed in correlation with their developmental origin. These data suggest that the caudal third of the DR, the area originally designated B6, may be misidentified as part of the DR as it shares many features of connectivity with the MR. By considering the rostral DR independently and affiliating the B6 to the MR, the diverse subgroups of serotonin neurons can be arranged with more coherence into two umbrella groups, each with distinctive domains of influence. Serotonin neurons within the rostral DR are uniquely interconnected with brain areas associated with emotion and motivation such as the amygdala, accumbens and ventral pallidum. In contrast serotonin neurons in the B6 and MR are characterized by their dominion over the septum and hippocampus. This distinction between the DR and B6/MR parallels their developmental origin and likely impacts their role in both behavior and psychopathology. Implications and further subdivisions within these areas are discussed.
Introduction
Serotonin neurotransmission is associated with many psychopathologies including but not limited to, depression, anxiety, panic, obsessive-compulsive disorder, eating disorders, phobias, drug addiction and post-traumatic stress disorder. With few exceptions, forebrain serotonin neurotransmission implicated in these disorders arises from the B5-B9 cell groups corresponding to the pontine raphe (B5), dorsal raphe (DR; combined B6 and B7), caudal linear nucleus (Cli), median raphe (MR; B8), and supralemniscal area (B9). The ability of this small set of neurons to have a pervasive effect on behavior has fostered the view that serotonin is, as least to some extent, a nonspecific modifier of brain and behavior.
Yet it is also true that within these groups of serotonin neurons there is some level of specificity and organization into functional subunits. Indeed, elegant studies combining molecular characteristics with physiological endpoints, electrophysiology and hodological analysis now reveal the potential for highly specialized functional modules in the serotonin system (Brust et al. 2014) . The concept of functional specificity is particularly attractive to the field because it provides a framework for understanding how serotonin could contribute to different behaviors and different psychopathologies. For example, dysfunction of a particular subcomponent could generate obsessive-compulsive disorder while dysfunction of another could yield major depression. However, with respect to the ascending system and motivated behavior, this scheme remains somewhat speculative since the extent of specification and & Kathryn G. Commons kathryn.commons@childrens.harvard.edu the identity of the functionally relevant units remain poorly resolved. Functional specificity related to emotional state can be difficult to pin down: Does a mouse explore a maze differently because it is anxious, tired, satiated, hot, hallucinating or has a migraine? All of these states are influenced by serotonin. In lieu of more compelling data, differences in cytoarchitecture have inspired the definition of multiple subsets of serotonin neurons. The rodent DR alone can be subdivided into as many as nine different regions (Hale and Lowry 2011) . However, cytoarchitecture has an indirect relationship to function that is not always easy to interpret.
There is an anatomical feature that is directly related to function, however, and that is connectivity (Sporns 2011) . At a reduced level, a neuron is defined by its input, computational function and output. Input in the form of synaptic potentials brings information about internal and external conditions dictating when a neuron may be called into action. Output defines a neuron's ability to engage downstream effectors. Therefore, connectivity can give a unique insight into functional role. In terms of connectivity, however, while it is known that there is an internal organization of efferents of the serotonin system, they are seen as promiscuous and widespread with complex internal logic.
This problem is evident in the poor dissociation between the MR and DR, the two major groups of ascending serotonin neurons. It is difficult to articulate unique features of the MR, functional or anatomical, without disclaimers that acknowledge the potential overlap of DR. The MR is involved in circadian rhythmicity, but the DR may also play a role (Jacobs and Fornal 1999; Yamakawa and Antle 2010; Meyer-Bernstein and Morin 1999; Morin 1999 ). The MR is involved in ingestion, but DR neurons fire in synchrony with oral-buccal movements (Fornal et al. 1996; Wirtshafter 2001) . Activation of the MR disrupts hippocampal theta, but neurons in the DR also innervate the septum and hippocampus (Vertes 1991; Kocsis and Vertes 1992; Vertes 1981; Vertes et al. 2004 ).
Recent advances in connectivity reveal two more distinct systems
A series of recent studies using mice have come together to provide new insight into the organization of the ascending serotonin system. Specifically they have strengthened the distinction between the MR and DR by identifying afferents that preferentially innervate each region. Shifting the affiliation of the caudal third of the DR, originally designated B6, to the MR (B8), rather than to the remaining rostral DR (B7) can substantially enhance the distinction between these two major groups of neurons in terms of connectivity. The B6 region lies caudal to the decussation of the superior cerebellar peduncle and is indicated on the Paxinos' atlases as DR-Caudal (the dorsal component) and DR-Interfasicular (the ventral component) (Paxinos and Watson 1998; Paxinos and Franklin 2004) . B6 can typically be found medial to the cholinergic laterodorsal tegmental nucleus and the GABAergic dorsal tegmental nucleus (of Gudden). Rostrally the transition to B7 is marked by the appearance of the lateral-wing groups of serotonin neurons.
Recently serotonin neuron-specific retrograde tracttracing studies identified differences in the afferent innervation of DR and MR serotonin neurons (Pollak Dorocic et al. 2014; Ogawa et al. 2014) . Previously afferent innervation into the MR and DR was thought to be largely equivalent, or at least arising from the same sources (Vertes and Linley 2008) . Ogawa et al. (2014) concisely summarize these differences by noting that lateral structures, such as ventral pallidum and extended amygdala, preferentially innervate the DR, whereas midline regions (medial septum, retromamillary nucleus, interpeduncular nucleus) prefer the MR (Ogawa et al. 2014 ) (Summarized schematically in Fig. 1 ). Thus, MR and DR activity is controlled by different streams of neural information and as a consequence, they can be called into action under different behavioral circumstances.
Combined with these studies was an analysis of how axons from many different brain regions distributed locally within the MR and DR (Commons 2015) . Specifically, by applying an informatics analysis on a library of anterograde tract tracing experiments, we could identify common patterns in how afferents distribute within subregions of the MR and DR (Fig. 2) . We found that many afferents had dense innervation of the rostral 2/3 of the DR (B7), but dissipated upon reaching the caudal third of the DR (B6) (Fig. 2) . On the other hand, afferents that preferentially innervated the MR tended to extend into and ramify within B6 (Fig. 2) . As a result of these patterns, unsupervised clustering analysis found that the B6 region was more similar in afferent innervation to the MR than to the remaining rostral DR (Fig. 3) , (Commons 2015) .
These studies of afferents to the MR and DR coincided with new insight into ascending projections from these areas. Conditional viral anterograde tract tracing methods recently showed that, like inputs, output projections from the DR preferred areas located more laterally (amygdala, cerebral cortex, striatum, substantia nigra, etc.), whereas the MR favored the hippocampus, septum and other medial areas (Muzerelle et al. 2014); (Figs. 4, 5) . Interestingly, correlations between location of injection sites within different raphe subregions (B5-B9) and their forebrain targets revealed similarities in the projections of B6 and those of the MR (B8), which together contrasted to remaining rostral DR projection targets (B7) (Fig. 4) , (Muzerelle et al. 2014) . These findings in the mouse reinforce now classic studies in the rat that showed that forebrain projections from the DR were organized along a rostro-caudal axis (Imai et al. 1986 ).
Projection patterns coincide with developmentally defined areas
The distinct connectivity of the rostral and caudal DR may well be generated by differences in their developmental origin within the hindbrain. The rostral DR, B6 and part of the MR share developmental origin within a prepontine domain defined by the expression of Engrailed-1 (En1), often referred to as rhombomere 1 (r1) (Jensen et al. 2008; Fox and Deneris 2012) . However, this domain can be further divided by developmental patterns of gene expression into a rostral area known as the isthmus (rhombomere 0 (r0); identified as the isthmic part of r1 by some authors) and a caudal part, referred to as r1 proper. A recent developmental analysis refined the En1 molecular fatemapping data and illustrated that the rostral part of the DR arises from the isthmus whereas the caudal DR (B6) originates within r1 proper, as does the rostral portion of the MR (Alonso et al. 2013) . Thus, new information on differential afferents, efferents and developmental origin converge to link B6 to the MR and distinguish it from the DR.
As a distinct domain the isthmus (r0) has received relatively little attention with respect to DR development due to the lack of distinguishing molecular tools. However, a recent analysis of serotonin-neuron gene expression patterns supports the idea that serotonin neurons in this area are distinct from their neighbors arising in r1 proper in the MR. Specifically, some of the genes that are expressed at higher levels in En1-defined DR (r0/r1) than in En1-defined MR (r1) serotonin neurons include Pax5, Foxa1 and En2: all transcription factors with a known relationship to isthmus patterning (Okaty et al. 2015) . Differential expression of these or other transcription factors associated with r0 vs. r1 proper could give rise to parallel down-stream differences in the genetic profile of serotonin neurons in the rostral vs. caudal DR and MR. Indeed, distinctions in r0/r1 DR vs. r1 MR serotonin neurons are evident in expression of genes that fall into the categories of G-protein coupled receptors, cell adhesion molecules, ion channels and synaptic transmission. One gene that is present in MR yet sparse in the DR is Met (Okaty et al. 2015) . While only a single gene, detailed analysis shows that Met is expressed in both B6 and MR, but absent from the rostral DR (Okaty et al. 2015; Wu and Levitt 2013) , a striking coincidence with the developmental and hodological similarity between B6 and the MR. The rapid interneuromeric transition between the rostral and caudal DR visible with the new tract tracing studies stands in contrast to the more common conception that the DR exhibits rostral-caudal gradients in attributes. Technical limitations coupled with interpretations that disregarded the neuromeric organization may have conspired to create the illusion that these areas are two extremes on a continuous gradient. Moreover, any technique that depends on local injections, such as tract tracing, is limited by the size and characteristics of the injection site. At the same time, serotonin neurons of different developmental lineages intermix over a few hundred microns at their interfaces (Bang et al. 2012; Jensen et al. 2008) and there is no barrier to the spread of tracers or other substances at these interfaces. A spherical injection site placed at different rostrocaudal locations in the DR will gradually include more of one area then the other, thus generating the appearance of a gradient. Therefore, individual cases of tract-tracing may report that the rostral DR (B7) contributes to projections in the hippocampus, but over many injections, inclusion of B7 will show no correlation with the presence of hippocampal afferents (Muzerelle et al. 2014) .
In Dahlstrom and Fuxe's original description of monoamine containing neurons, the serotonin (B) cell groups were described by location in the medulla oblongata (B1-4) pons (B3, B5-6) and mesencephalon (B7-B9) (Dahlstrom and Fuxe 1964) . However as a consequence of advances in developmental biology, the definition of the pons and mesencephalon was corrected. In fact neither the MR nor DR is now considered mesencephalic structures, but rather derivatives of the rostral prepontine hindbrain. With the shifting definitions of these areas, B6 became commonly Fig. 2 Examples of differential afferents to the rostral DR vs. the MR and B6 (the caudal DR) from the Allen Brain Connectivity Atlas (Oh et al. 2014 ). Sections at 6 different levels from rostral (left) to caudal (right). a Afferents from the substantia nigra reticulata (SNR) and b agranular insula (AI) preferentially innervate the rostral 2/3 of the DR (arrows). These axons tend to dissipate at the caudal pole of the nucleus (B6, arrowheads). c Afferents from the anterior cingulate cortex (ACA) and d lateral habenula (LHb) are heavy in the MR (arrows) and continue their trajectory dorsal to innervate B6 (the caudal DR). Similar patterns occur in many different afferents to these areas (Commons 2015) . Image credit: Allen Institute for Brain Science. Bar = 150 um merged with B7, as the relationship between B6 and MR is not obvious in the coronal view. However, it can be seen in sagittal sections (Fig. 6 ) and when similarities were noted between the MR and B6 in the literature, they were often illustrated in sagittal section (Imai et al. 1986; Alonso et al. 2013; Molliver 1987) .
Character of the Circuits
One of the primary roles of serotonin is in motivated behavior, either in pursuit of reward or in avoidance of punishment. More specifically serotonin is often associated with the latency to engage a motivated action. Serotonin is commonly referred to in playing a role in behavioral inhibition, or ''enabling the organism to arrange and tolerate delay before acting'' (Soubrie 1986 ). Likewise, serotonin has long been associated with the degree of impulsivity (Stein et al. 1993) . More recent studies have discussed the role of serotonin in generating patience to wait for rewards (Miyazaki et al. 2014 (Miyazaki et al. , 2012 or in anticipation of either reward or punishment (Rygula et al. 2014) . Forebrain areas investigated for the role of serotonin in reward and punishment include ventral limbic forebrain affective and motivation-related areas such as the amygdala, ventral striatum, and ventral pallidum as well as cortical areas. In addition, meso-diencephalic dopamine systems are critical in these processes. All of these brain areas are highly interconnected to the rostral DR, B7, (Ogawa et al. 2014; Pollak Dorocic et al. 2014; Weissbourd et al. 2014; Muzerelle et al. 2014; Vertes and Linley 2008) and some studies have directly implicated the DR in motivated behavior (Liu et al. 2014; Cohen et al. 2015) . Likewise serotonin neurons in the DR appear to encode both appetitive and aversive information (Hayashi et al. 2015) .
Connectivity of the rostral DR exhibits 'small world' features, that is, many areas that innervate the DR receive reciprocal connections from the DR, or they are interconnected with each other. The central nucleus of the amygdala has the largest preference to innervate the DR (over the MR) (Ogawa et al. 2014; Pollak Dorocic et al. 2014) and both the central and basolateral nuclei of the amygdala receive return innervation from the same area (Muzerelle et al. 2014 ). In addition, the rostral DR has reciprocal connections with both the VTA and its target area in the ventral striatum (McDevitt et al. 2014; Vertes 1991; Commons 2015) . In another illustration of small world features, VTA dopamine and DR serotonin neurons appear to receive similar streams of afferent innervation from regions within the hypothalamus, extended amygdala and basal ganglia (Ogawa et al. 2014) .
A second major theme is the involvement of serotonin in regulating hippocampal function. The hippocampus plays two critical roles in normal brain function: in the formation of declarative memory and as the major feedback regulator of the hypothalamic-pituitary-adrenal axis. On a short time course, serotonin has the capacity to disrupt theta rhythm in the hippocampus [reviewed by (Vertes and Kocsis 1997)] and, over longer time scales, to influence dentate gyrus neurogenesis (Diaz et al. 2013; Banasr et al. 2004; Malberg and Duman 2003; Santarelli et al. 2003; Encinas et al. 2006) . Tract tracing studies both in the rat and the mouse converge to show that these serotonin projections arise from the B6 and MR with only rare exception (Muzerelle et al. 2014; Vertes and Linley 2008; Imai et al. 1986 ).
Likewise, B6 and MR are the overwhelming sources of serotonin to the septal complex (Muzerelle et al. 2014; Vertes and Linley 2008; Bang et al. 2012 ). The medial septum provides reciprocal innervation to the MR and B6 (Ogawa et al. 2014; Commons 2015) . These serotonin neurons also preferentially receive innervation from the retromamillary nucleus, interpeduncular nucleus and lateral habenula. While the medial septum and the retromamillary nucleus (previously called the supramammillary nucleus) are well known as key regulators of hippocampal theta (Crooks et al. 2012; Kocsis and Vertes 1996; Maru et al. 1979; Pan and McNaughton 2004; Vertes and Kocsis 1997; Kirk and Mackay 2003) , the lateral habenula, interpeduncular nucleus and the pathway between them (the fasiculus retroflexus) are also implicated (Funato et al. 2010; Valjakka et al. 1998; Aizawa et al. 2013; Goutagny et al. 2013; Kinney et al. 1994) . Thus again, 'small world' features are evident within these networks in that many afferents and Fig. 6 a In a sagittal view, the B6 and MR (B8) are contiguous and aligned with respect to developmental orientation (arrowheads, compare to Alonso et al. 2013) , caudal to the decussation of the superior cerebellar peduncle (xscp, labeled 'x'). Coronal sections, which are oblique to the relevant developmental orientation, visually disconnect B6 from the MR and make it appear more related to the rostral DR. The caudal linear nucleus (CLi) is rostral to the xscp and ventral to the DR (B7). R3-pontine raphe (PnR, B5) lies at the caudal pole of the MR. Major caudal groups, raphe magnus (B3, RMg), obscurus (B2, Rob) and pallidus (B1, RPa) are also visible. (Adult mouse tissue immunolabeled for the serotonin synthetic enzyme, tryptophan hydroxylase using an antiserum from Novus Biologicals NB100-74555. Projection view of widefield images of 3-100 um-thick sagittal sections.) Bar = 0.5 mm. b Schematic representation of the major groups of serotonin neurons efferents associated with B6/MR are also related to hippocampal function.
While regulation of the hippocampus appears a salient feature common to both B6 and MR, these areas also receive direct connections from the lateral habenula suggesting they may be engaged consequent to punishment or lack of reward (Matsumoto and Hikosaka 2009) . This is consistent with a role for the MR in conditioned aversion (Amo et al. 2014) . Aversive stimuli also appear to engage B6 as forced swim, precipitated withdrawal and inescapable stress all activate Fos expression in serotonin neurons in this region (Commons 2008; Sperling and Commons 2011; Grahn et al. 1999) . MR and B6 neurons are also interconnected with the suprachiasmatic nucleus (Bang et al. 2012; Yamakawa and Antle 2010) , and have been associated with non-photic phase shifts in diurnal rhythm (Meyer-Bernstein and Morin 1999; Yamakawa and Antle 2010) .
Individual cell types vs. families of cell types
Each of the two umbrella groups envisioned encompasses large groups of neurons with known internal heterogeneity and extensive domains of innervation. Some heterogeneity is related to cytoarchitecture (Hale and Lowry 2011) . Additional heterogeneity in the form of identifiable cell types can be revealed with genetic or other approaches (Gaspar and Lillesaar 2012; Fernandez et al. 2015; Okaty et al. 2015; Jensen et al. 2008) . In order to further divide serotonin neurons into subgroups that are truly useful in providing a greater understanding into how serotonin in sum regulates brain function, we need to know more about the relative relationships these groups have to each other, because not all identifiable groups of neurons may be equally different from each other. The methods to systematically identify relative relationships are available in the form of clustering and principal component analysis. The substrates for identifying relationships should involve the basic determinants of a neuron's role in a network: input, computational function and output, and increasingly refined data within these domains are now emerging. While behavioral role may provide compelling criteria independently, it is a complex one that should be applied with caution, given the capacity of serotonin to influence mood, emotion, sensation, cognition as well as many physiological endpoints.
The trends in connectivity reviewed here happen to fully agree with the predicted rhombomeric ascription of the rostral 2/3 of the DR to the isthmus (r0) and the B6, like the rostral part of the MR, to r1 proper. This agreement is important, because it implicitly provides a causal background (segmental differential genetic specification) for the observed hodological disparities, which are not explainable otherwise. While the rostral DR appears to be united by its developmental origin in r0, caudal portions of the MR are developmentally distinct, arising from r2 (also called prepontine raphe). In addition, r3-derived serotonin neurons (pontine raphe, B5) are sometimes classified as the caudal border of the MR (Jacobs and Azmitia 1992) . Each of these areas has known distinctive projection features (Bang et al. 2012; Mikkelsen et al. 1997 ). Yet B6 and the entire MR including the prepontine and pontine raphe areas are united in their contribution to septo-hippocampal serotonin, suggesting some relationship. The similarity between r1-MR and r2-MR extends to transcriptional profile, an endpoint arguably related to both connectivity and computational function. However, by that measure r3-derrived neurons are more distinctive (Okaty et al. 2015) . Therefor it may be reasonable to expect that these areas (B6, r1-MR r2-MR, and r3-pontine raphe) are not functionally homogenous in their control of septo-hippocampal, or brain function, as some evidence would already indicate (Okaty et al. 2015) . On that note, although the ability of the MR to desynchronize hippocampal theta is long-standing, this effect appears location-sensitive and is best elicited by stimulating the central region of the MR (Bland et al. 2015) .
Feedback could promote complimentary activity states
The identification of different afferents to the rostral DR in contrast to B6/MR indicates that these two general areas may be active under different behavioral conditions, a conclusion supported by evidence in the literature. For example, serotonin neurotransmission contributes to the behavioral effects of both nicotine exposure and nicotine withdrawal, seemingly opposite behavioral states (Cheeta et al. 2001; Carboni et al. 1988; Rasmussen et al. 1997) . Nicotine exposure activates Fos in serotonin neurons located in the rostral DR, but not more caudally in B6. In contrast, nicotine withdrawal activates Fos in B6 serotonin neuron, but not in more rostral DR serotonin neurons (Fig. 7) , (Sperling and Commons 2011) . Thus, distinct behavioral states produced by nicotine exposure and withdrawal correlate with activation of different sets of serotonin neurons, which would have the capacity to effect regional changes in serotonin signaling in the forebrain. These observations are broadly consistent with the idea that the lateral habenula could exert opponent control over different groups of serotonin neurons (Ogawa et al. 2014) although the circuits involved have not been identified.
5-HT1A receptors mediate a feedback inhibition of serotonin neurons, and are thought to participate in homeostatic regulation of serotonin neuron activity, tempering changes in activity state. However, the existence of diverse groups of serotonin neurons raises many other possible roles for feedback inhibition. For example communication between different groups of neurons could work in shaping topographic patterns of activity. Specifically, working heterologously one group of neurons could inhibit other groups of neurons with perhaps competing function (Bang et al. 2012) . Since different groups of serotonin neurons have preferential targets in the forebrain, heterologous inhibition could help shape the regionally selective changes in extracellular serotonin that are known to occur under different conditions (Kirby and Lucki 1997; ).
We discovered that in different behavioral states blocking 5-HT1A-dependent feedback has topographically organized effects on serotonin neurons in the MR and DR (Commons 2008) . Subsequently, we utilized the acute nicotine exposure and withdrawal models to examine the relationship between regions that are activated vs. inhibited via a 5-HT1A-dependent mechanism. During nicotine exposure (when serotonin neurons are activated rostrally in the DR) we found evidence for 5-HT1A-receptor dependent feedback inhibition of B6. During nicotine withdrawal when B6 neurons are activated, the reciprocal pattern was found, that is, there was evidence for feedback inhibition of the rostral DR (Fig. 7) , (Sperling and Commons 2011) . This is the first evidence indicating that heterologous inhibition could exist between subgroups of serotonin neurons, which would function not as a homeostatic mechanism, but rather to coordinate activity between different groups of neurons. While it is possible that indirect multisynaptic mechanisms may underlie these 5-HT1A-dependent mechanism, there are also direct connections between distinct groups of serotonin neurons (Bang et al. 2012) .
Implication for psychopathology
The existence of distinct groups of serotonin neurons as well as evidence that feedback mechanisms could coordinate or balance their activity, together raise the possibility that psychopathology could occur when these systems are thrown out of balance. There are lines of evidence suggesting dysfunction of B6/MR networks in depression in humans or learned helplessness in rodents. In human suicide victims, there are increases in expression of tryptophan hydroxylase and loss of 5-HT1A receptors in the caudal pole of the DR (B6) (Boldrini et al. 2008; BachMizrachi et al. 2008) , and activation of the same area in rodents is correlated with learned helplessness (Hammack et al. 2002 (Hammack et al. , 2003 Valentino et al. 2009 ). Likewise manipulations that might inhibit activity in B6 increase active coping strategies (McDevitt et al. 2011 ). Afferents to B6/MR system (orbitofrontal cortex, cingulate cortex) and efferents (hippocampus) are commonly reduced in volume in depression (Arnone et al. 2012; Rive et al. 2013) . At the same time, there is thought to be disinhibition of limbic striatum and hyperactive amygdala (Sheline et al. 2001) . Taken together, depression could be associated with increased function of B6/MR and hyper-inhibition of hippocampal function, combined with decreased action of the rostral DR and disinhibition of the ventral limbic system. Indeed, based on other lines of evidence, it has previously been speculated that major depression arises from imbalances between the DR and MR activity states (Lechin et al. 2006; Deakin and Graeff 1991) .
The idea that there could be imbalances between groups of serotonin neurons would provide a potential explanation for why serotonin selective-reuptake inhibitors (SSRIs) are is evidence for 5-HT1A receptor-dependent inhibition at caudal pole of the DR (B6, blue). b Precipitated nicotine withdrawal leads to activation of Fos in B6 serotonin neurons (caudal, red), and 5-HT1A mediated inhibition of serotonin neurons located more rostrally in the nucleus (blue). Modified from (Sperling and Commons 2011) more effective pharmacotherapy for several disorders than serotonin-mimetics. That is, SSRIs would fundamentally change the balance between interacting subgroups of serotonin neurons in ways that serotonin-mimetics would not replicate. It's also possible to envisage how bipolar instability could be generated by an imbalance in the dynamics of feedback systems that coordinate the activation states of two divergent systems. Thus, these anatomical insights give rise to new hypotheses for the potential basis of some psychopathological states.
B6 as a cause of confusion
Most of the literature on the DR probably reflects study of the rostral 2/3rd of the nucleus or B7, as this corresponds to the largest cluster of neurons, which is often targeted for recordings or local injections. However, inclusion of B6 in the umbrella of the DR could account for some contradictions in the literature. For example, the two recent tract tracing studies examining afferents to DR and MR serotonin neurons differed on their conclusions regarding afferents from the lateral habenula, which either preferred the MR (Ogawa et al. 2014) or DR (Pollak Dorocic et al. 2014) . Indeed, the lateral habenula has been known to provide a robust Substance P innervation to the caudal DR for many years (Neckers et al. 1979 ) and the termination of this projection specifically in the caudal pole of this nucleus, as well as in the MR, was recently reprised (Sego et al. 2014; Quina et al. 2015) . Therefore, it is possible that differential weighting of the caudal DR in the datasets of the two groups (more by Pollak Dorocic et al. and less by Ogawa et al.) could have generated their distinct conclusions. Likewise, separate consideration of B6 would make it easier to identify meaningful differences between the MR and DR, and it would reduce the problem of intrinsic heterogeneity of the DR. Thus, the current reconsideration of the organization of the ascending serotonin system will lead to improved study design.
Other ascending serotonin neurons
Here we focus on serotonin neurons resident in the two ascending largest nuclei, the DR and MR. There are additional groups of serotonin neurons that innervate the forebrain. These include B9, the supralemniscal nucleus (SuL) serotonin neurons which may be divided into three different groups by developmental origin (r1-, r2-and r3-SuL) (Jensen et al. 2008; Alonso et al. 2013) . In the mouse these contribute to serotonin innervation of the dorsal striatum and locus coeruleus (Muzerelle et al. 2014) . In addition, a small group of serotonin neurons are recognized ventral to the rostral DR in the caudal linear nucleus (CLi).
These are thought to be more related to the DR than the MR (Jacobs and Azmitia 1992) .
Conclusions
Recent advances have revealed differences in the connectivity of the DR and MR that are noticeably sharpened by shifting the affiliation of B6 from the DR to the MR. This shift in perspective on the organization of the ascending serotonin system causes two more unique systems to come into focus from what previously appeared to be a single system with more complex gradients in organization. Identification of these two major umbrella groups suggests new roles for feedback inhibitory processes, which are numerous in serotonin neurobiology, and raises the possibility that imbalances between different groups of serotonin neurons could contribute to psychopathology. In addition, these new results identify a cause for confusion and potential contradiction within the literature: that is, as currently conceived the DR is an amalgam of two highly divergent zones.
